A large body of evidence indicates that single cells in vitro respond to changes in gravity, and that this response might play an important role for physiological changes at the organism level during spaceflight. Gravity can lead to changes in cell proliferation, differentiation, signaling, and gene expression. At first glance, gravitational forces seem too small to affect bodies with the size of a cell. Thus, the initial response to gravity is both puzzling and important for understanding physiological changes in space. This also offers a unique environment to study the mechanical response of cells. In the past 2 decades, important steps have been made in the field of mechanobiology, and we use these advances to reevaluate the response of single cells to changes in gravity. Recent studies have focused on the cytoskeleton as initial gravity sensor. Thus, we review the observed changes in the cytoskeleton in a microgravity environment, both during spaceflight and in ground-based simulation techniques. We also evaluate to what degree the current experimental evidence supports the cytoskeleton as primary gravity sensor. Finally, we consider how the cytoskeleton itself could be affected by changed gravity. To make the next step toward understanding the response of cells to altered gravity, the challenge will be to track changes quantitatively and on short timescales. 
proliferation, and differentiation (1, 2) . Cell mechanical properties are also of importance for various diseases, including cancer (3, 4) . In recent years, more light has been shed on the molecular principles behind perception of the mechanical environment and the subsequent transduction to a chemical signal, ultimately leading to changes in cell functioning (5, 6) . But cellular response to mechanical stimuli is far from being completely understood, and cells can react to forces in an unexpected manner. A striking example of this is the response of single cells to microgravity, e.g., a near weightless environment, in which cells are mechanically unloaded (7, 8) .
There is now extensive evidence that a microgravity environment has profound effects on single nonspecialized cells. By nonspecialized cells, we mean cells that do not contain a specific organelle, such as a statolith in plants cells, for gravity sensing. More specifically, in this review we focus on mammalian cells. In vitro studies have shown that cell proliferation, growth, differentiation, signaling, shape changes, and gene expression are all altered in a microgravity environment (reviewed in refs. 7, 9 -11). However, the mechanism responsible for this response of nonspecialized (mammalian) cells to changes in gravity levels remains controversial. On the one hand, evidence of single-cell response to changes in gravity levels has been accumulating; on the other hand, theoretical considerations suggest that the forces involved are too small to justify any response to the changed environment (12) (13) (14) (15) (16) .
Why is it so important to find the initial mechanism for sensing changes in gravity levels? The first major reason to investigate the initial response of cells to changes in gravity is the role that this might play in physiological effects of spaceflight at the tissue/organism level. These effects include diminished muscle strength, bone loss, and deprived immunoresponse (17) . Although it could be that these effects are mostly caused by changes at the tissue and organ level (18) , single cells in vitro do respond to changes in gravity levels, and the role of such single-cell response on physiology at the organism level is poorly understood. Essential for understanding this role is to first grasp what exactly causes these changes in cells.
However, spaceflight experiments are limited, both in number and size. Flight opportunities are expensive, and room for elaborate experimental setups is limited. Experiments often become elaborate due to necessary controls (e.g., an onboard centrifuge operating at 1 g) to rule out launch effects, such as hypergravity stimulation and vibrations. Moreover, experiments in space offer a complex environment, in which the effect of gravity on cells is not only direct. Next to the direct effect on masses, spaceflight also has indirect effects on the environment of the cell (14) , such as changes in convection in the surrounding medium, as well as changes in radiation (19) . Because of these difficulties with space experiments, many researchers have sought alternatives, which they found in ground-based simulation techniques. These techniques can provide an opportunity for tests preceding space experiments or can even be used as replacements for studies in space. Here, too, it is important to know the initial mechanism of sensing changes in gravity; it would allow ground-based simulation techniques that stimulate the cell in a way that resembles a real microgravity environment as much as possible.
The second major reason for studying cells in microgravity is that such an environment gives a unique stimulus, or lack thereof, for studying the response of cells to forces. As mentioned above, recently there has been great interest in the molecular principles behind sensing of the mechanical environment. Microgravity permits the study of unexpected responses to mechanical unloading, which could reveal new fundamental insights into mechanosensing, transmission, and transduction.
Many articles so far have touched on the initial mechanisms for sensing changes in gravity by mammalian cells (reviewed in refs. 20 -22) . In particular, these studies focused on changes in the cytoskeleton, because it is an attractive target involved in many responses of cells to force (23) . Here we review the work to date on changes that shed light on the initial mechanism of cells to react to changes in gravity levels. We also discuss the relevant supporting theoretical work that might explain these observations. There is no definitive answer for an initial mechanism, mainly due to an inconsistent picture from experimental work and little experimental support for theoretical work. We stress the importance of finding the initial mechanism of gravity sensing.
THE CYTOSKELETON: AN ATTRACTIVE TARGET FOR GRAVITY PERCEPTION
The cytoskeleton is the main structure giving shape and mechanical strength to cells. It consists of the actin network, the microtubule network, and intermediate filaments (24) . The first implication of involvement of a structural framework in gravity sensing were made by Tyler in 1966 (25) . It is now widely accepted that the cytoskeleton plays a role in sensing changes in gravity. In recent years force transmission through the cytoskeleton and subsequent steps in mechanotransduction have been widely studied in the presence of various stimuli. We need to keep these mechanisms in mind when considering sensing alterations in gravitational levels.
Cells can respond to many mechanical stimuli, such as shear stress induced by fluid flow (26) or the stiffness of their substrate (2) . To affect cellular behavior, this force has first to be transmitted to a mechanosensitive structure and subsequently be converted to a chemical signal. The main suspects in this machanotransduction are tension-sensitive proteins in focal adhesion (FA) complexes and mechanosensitive ion channels (reviewed in ref. 5) . The first are a class of transmembrane complexes linked to the extracellular matrix and the actin cytoskeleton in the cell. Internal or external forces can act in various ways on FAs (reviewed in ref. 27); they can then reveal novel sites for phosphorylation or protein binding of different proteins in the complex or could affect bond formation. The second are a class of channels that can change from a closed to an open state when tension on the membrane increases. The opening of most channels require tethering of the channel to force bearing elements, that is, the extracellular matrix outside the cell and the cytoskeleton within the cell (28) . Recent studies also suggest that actin itself can work as a mechanosensitive structure (reviewed in ref. 29) .
In addition to the role of the cytoskeleton as a load-bearing structure and regulator for mechanotransduction, it also plays an essential role in force transmission. It has been shown that mechanical action can occur at distant site from application (reviewed in ref. 30 ).
EXPERIMENTAL OBSERVATIONS OF CYTOSKELETAL CHANGES DURING MICROGRAVITY
Many articles have reported changes in the cytoskeleton following mechanical unloading in a microgravity environment. Also, other cellular changes can often be linked to changes in the cytoskeleton (20, 21, 31) . Here we review the current observations of cytoskeletal changes that provide evidence for the cytoskeleton as gravity sensor. We note that most of the studies reviewed here compare adherent cells in microgravity and 1 g (or in both microgravity and 1-g nonadherent cells), which suggests that the observed changes do not reflect differences between cellular adhesion vs. nonadhesion. In general we leave out parabolic flight studies, because they create a changing gravity environment, with alternating phases of microgravity and hy-pergravity and can thus not be considered merely a microgravity environment.
One of the first observations of cytoskeletal changes in a space environment was found by Rijken et al. in 1991 (32) . During sounding rocket experiments with A431 cells, they observed a higher density of filamentous actin and decreased organization in stress fibers (32) . Subsequently, other experiments focusing on the role of actin were performed with various cell types; Hughes-Fulford and Lewis in 1996 (33) and Meloni et al. in 2011 (34) studied changes in the actin cytoskeleton of osteoblasts (4 d) and monocytes (1 d), respectively. The observations included reduction in number of stress fibers ( Fig. 1 and ref. 33) and density of the cytosolic network ( Fig. 1 and ref. 34) . Recently Ulbrich et al. (35) studied the actin network during parabolic flights. After a single microgravity phase (22 s), but not after one or more hypergravity phases, they observed perinuclear clustering of actin in follicular thyroid cancer cells (Fig. 1 and ref. 35) . In contrast to these observations, a study with Jurkat cells, a nonadherent cell line (36) , and another with cardiomyocytes (37) showed no changes in actin networks.
Other articles have focused on the change in microtubule structure. First direct evidence of changed microtubule organization was provided with nonadherent Jurkat cells by Lewis et al. in 1998 (38) . Here, the loss of the radial structure of microtubules was observed after 4 h in microgravity (Fig. 1) . However, this change was also observed in onboard 1-g controls, and in both microgravity and onboard controls, the change in structure reverted after 48 h, suggesting that the vibrations and stress during launch and not the lack of gravity, as such, resulted in these changes. Later, in a comparable experimental setup with human breast cancer cells, a similar loss in radial pattern was found, with no recovery after 48 h (39). Changes in microtubule network structure were also found with rat utricular cells (40) in a 3-dimensional matrix, and in both rat cardiomyocytes (37) and J111 monocytes (34) ( Table 1) . A recent article (41) mentions perinuclear clustering in the microtubule network after only 22 s of microgravity in a parabolic flight in human endothelial cells.
Some articles also described the influence of microgravity on intermediate filaments (Fig. 1) , in particular on the vimentin and cytokeratin network. A study on a sounding rocket reported appearance of large bundles and aggregates in the vimentin network after 12 min in microgravity ( Fig. 1 and ref. 36) . In another study, changes in the cytokeratin network were reported for part of the cells after 48 h of microgravity (39) .
Do the observed cytoskeletal alterations result in changes of mechanotransductive structures? To our knowledge, only one article so far studied changes in FAs in a flight experiment (34) . In this study, localization of vinculin, a protein linking integrins to the actin network in FAs, was significantly altered after 24 h. Spots were larger and localized closer to the cell membrane; furthermore, instead of a radial orientation of the spots, they were now aligned parallel to the cell membrane (Fig. 1) .
The results reported in these experimental studies do not give a consistent, let alone complete, picture of cytoskeletal changes occurring during spaceflight. This is partially due to the large variation in microgravity facilities used and cell types and filaments studied (see Table 1 ). For example, the cytoskeletal changes occurring in microgravity in nonadherent cell types (36, 38) could well differ from those in adherent cell types. Furthermore, most studies explore the cytoskeletal network only at few and different time points. Most important for finding an initial mechanism is to observe changes shortly after the removal of gravitational forces on the cells. Alterations in the cytoskeleton observed after 24 h or more could easily be an effect of changes in signaling or gene expression. For example, it is known that Rho activation leads to assembly of polymerized actin (42) , and changes of RhoA expression are observed in simulated microgravity (22) . This means that as soon as gene expression is altered, which has been reported as early as 6 min after removal of gravitational forces (32) , primary change and effect can no longer be easily distinguished. In an adherent cell, microtubules often have a radial organization. Stress fibers, consisting of multiple actin filaments, can anchor to the cell membrane. At these sites, cells can attach to their extracellular environment, through focal adhesion complexes (inset). Actin is also localized at the cell border. Intermediate filaments form a loose network. B) Changes that can occur in a cell subjected to microgravity are visualized. Microtubules lose their radial organization, can be shortened, and can be more curved and bent. They are regularly localized more perinuclearly. Actin stress fibers are reduced in number, length and thickness. Actin is often redistributed and has either a more perinuclear or more cortical localization. Focal adhesion proteins no longer align well with the stress fibers, but appear as bigger clusters without radial orientation in the cortical layer, which results in reduced cell spreading. Intermediate filaments form clusters, and larger meshes appear in the network, and the localization is more perinuclear.
EXPERIMENTAL OBSERVATIONS OF CYTOSKELETAL CHANGES DURING SIMULATED MICROGRAVITY
Due to very limited access to spaceflight and high associated costs, researchers have been searching for alternative microgravity environments. This has resulted in various techniques to simulate microgravity, most notably the fast rotating clinostat (43) , rotating wall vessel (RWV; ref. 44) , and the random positioning machine (RPM; ref. 45) . All of these instruments are based on canceling a preferential direction of the gravity vector for the sample by continuous rotation, although gravitational stresses remain. Results obtained with ground-based simulation methods have been validated when compared to spaceflight in studies with cells (46, 47) and plants (48) . An additional advantage of these simulation techniques is that more elaborate studies are possible; effects at various time points, for instance, can be more easily studied. This is of importance, since it has been observed that the cytoskeleton can recover from initial structural changes (38) ; hence, observations at one or few time points may give an incomplete image of the changes occurring, possibly leading to false conclusions. Still, results should be interpreted with care, because there are notable differences between simulated microgravity and real microgravity in space, especially on short timescales.
Similar changes in the structure of the actin network have been reported in ground-based studies as in flight experiments ( Fig. 1 ): reduction in width or amount of stress fibers (49 -53) , extended podia (49, 54, 55) , perinuclear distribution (49, 54, 56) , and decreased density (54, 59, 60) all confirm various observation in spaceflight experiments (overview in Table 2 ). However, there are differences, as well. For instance, whereas some ground-based studies show perinuclear distribution of the actin (see above), others show accumulation of actin at the cell border (52, 58 -60) . The latter is contradictory to the perinuclear distribution found in spaceflight experiments and other simulation-based studies. Interestingly, articles reported quite different results on recovery of the actin network. Sometimes recovery was not observed in simulated microgravity, even after up to 7 d (49, 50, 52), while most articles from simulated microgravity studies did report that the network was more or less recovered on a timescale of days (51, 57, 61) or even hours (54, 59) .
Also, the prime change in microtubules in spaceflight, i.e., the disruption of the radial pattern, is extensively reported in ground-based simulations (50, 55, 57, (61) (62) (63) . Some of these articles also report a perinuclear distribution of the microtubules. Only one article reports no change in microtubules, although the microtubules have been tracked at various time points from 20 min to 5 d (51) . In agreement with the recovery of microtubules observed in real microgravity (38) , recovery of microtubules after a few days is reported in ground-based studies (50, 61, 62) .
Recently, studies also focused on changes at FAs, The different techniques of microgravity simulation are often based on rotation, causing averaging of the gravity vector (clinostat, RWV, RPM). In a clinostat, the cells in above studies are often seeded on a glass surface (e.g., a coverslip) and rotated at 30-150 rpm. In an RWV, cells are suspended in the medium but often attached to glass beads. Generally, the speed of rotation is smaller (10-30 rpm), as in a clinostat. An RPM has 2 axes of rotation and is often used with changing direction and speed of rotation. Magnetic levitation is performed by placing the sample in a superconducting magnet that generates a strong magnetic gradient. hMSC, human mesenchymal stem cell; HUVEC, human umbilical vein endothelial cell; GFAP, glial fibrillary acidic protein.
where (57) . Perinuclear clustering of this protein is reported after 6 h in mesenchymal stem cells (MSCs; ref, 51) and reduction in number of clusters after 4 h in MCF-7 cells (50). However, these structures are also mechanoeffectors, and expression levels of involved proteins also have been reported to decrease after 4 h (50). A study using anti-FAK, another protein present in FAs, reported reduction in number and increased size of these complexes after 6 min of simulated microgravity by magnetic levitation (59) , which were reverted after 1 h.
The ability to test many time points in simulated microgravity experiments have made it clear that the remodeling of the cytoskeleton is a dynamic process that can last days and can include reversion of initial changes. This is an important aspect for spaceflight experiments, where often only one or few time points are available, resulting in a few snapshots of this dynamic process and thus an incomplete picture. Also, experiments in simulated microgravity have shown cytoskeletal changes can occur quickly after changes in gravity occur. Many articles reported changes within 30 min of onset of microgravity simulation (51, 54, 55, 59, 61, 62) .
Most of the studies above show their data as fluorescent images of cells, accompanied by a description of their observations. Only a few articles try to quantify the observed changes in cells. Examples of articles that quantify changes are Kacena et al. (64) and Yang et al. (63) . In these articles, for example, the amount of cells showing disorganized microtubules, or the width and number of stress fibers, is compared between different simulated gravity conditions. Quantifying changes has important benefits, such as the possibility of performing statistical analysis, for comparison of different studies and possibly revealing otherwise unnoticed trends. For example, Yang et al. (63) showed that only up to 12% of cardiomyocytes showed disorganized microtubules in a clinostat. This suggests that in less thorough studies, this observation might go unnoticed.
ORGANELLE WEIGHT CHANGE AS AN INITIAL MECHANISM THAT COULD INFLUENCE THE CYTOSKELETON
The present consensus is that the first changes in a cell after being transferred to conditions of microgravity are in the cytoskeleton (20, 21, 56) . The question we address in this section is how the cytoskeleton might be affected. The simplest model would be that the loss of gravitational forces acting from organelles is sensed by the cytoskeleton. Organelles are often of higher density than the cytosol and do not sediment, because of their attachment to cytoskeletal filaments. Hence, they exert a force on the cytoskeleton. In a microgravity environment, these forces are omitted, and this could lead to changed prestress in the cytoskeleton, which would then be transmitted to mechanosensitive structures.
But is the force exerted by organelles large enough to lead to mechanotransduction? Based on the size and density of organelles, it is possible to estimate these forces. For a whole mammalian cell of typical size with diameter 10 m and density 1.1 g/ml, the apparent weight in water is Ϸ0.5 pN. This estimate is an upper limit of the force organelles exert on the cytoskeleton under normal gravity conditions. Furthermore, this is the total of all forces by organelles, which is separated in many smaller forces distributed over the cytoskeleton. The gravitational energy of a weight of 0.5 pN at an average distance of the radius (5 m) above the lowest point of the cell is ϳ500 kT. Theoretical objections to the influence of forces and energies this small have been given by many articles. An early theoretical article compared gravitational energy with brownian motion and concluded that only mitochondria or the nucleolus could possibly sediment, but that sedimentation is probably counteracted by convectional streaming in the cytoplasma. This work did not yet consider a structural framework (e.g., the cytoskeleton) in its approximation (15) . A later article argued that the sedimentation of a cell is unlikely to contribute, as it is on the order of kilotesla; unfortunately, this was based on a miscalculation (12) . Todd (16) argued that multiple organelles (including the nucleus) would sediment, but that the cytoskeleton holds them in place. Later, the exerted gravitational force on the cytoskeleton was compared to other forces in the cytoskeleton (see below), and sensing these forces was considered unlikely (13) . A recent article based on a very simplified finite element model of a nucleus pushing on an actin network suggests tensions in fibers Ͼ0.1 pN and argues that this tension could potentially be sensed (65) . With current advances in the field of mechanobiology, we can reevaluate whether the gravitational force is large enough to be perceived and transduced by the cell.
Recent studies have given more insight in the magnitude of forces acting within the cytoskeleton. We can compare gravity with forces that are generated within the cytoskeleton. Forces within the cytoskeleton are developed in two ways: by polymerization of filaments and by molecular motors. Polymerization forces of single microtubule and actin filaments are estimated at a few piconewton maximum, as measured in vitro and estimated for in vivo situations (66, 67) . Single molecular motors exert forces of similar magnitude (27) . These forces exerted by single filaments and motors are almost 10 times higher than the stress caused by gravity over the entire cytoskeleton and suggest little influence of gravity.
Other studies have reported forces needed for mechanotransduction. Forces needed for unfolding of adhesion proteins are typically 50 -100 pN (reviewed in ref. 68) , which gives little room for influence of gravity. However, mechanosensitive proteins in FAs often incorporate large unfoldable regions (69) , with as consequence that a small force can significantly alter the energy landscape for unfolding. Maximal in vivo extension of, for example, talin is 300 nm (70); with a force of 0.5 pN applied, this results in a total tilt in the energy landscape of ϳ20 kT. Application of 2 pN force to talin can already result in increased exposure of binding sites in vitro (71) . Also, in one of the few studies where intracellular forces are applied, optical tweezers were used to apply forces on the actin cytoskeleton within the cell. Forces of ϳ5.5 pN could activate multiple membrane channels within seconds, and forces of ϳ1 pN can thus probably result in mechanotransduction (72) .
So these theoretical considerations and experimental comparisons suggest that gravity should have little effect on mechanotransduction. However, additional factors have been proposed to focus or magnify the initial signal. First, the exerted force distributed over many filaments could be focused on one or few mechanotransductive elements by the cytoskeleton (73) . However, even in the extreme case that the force is focused on a single locus, the exerted force still seems small. The second factor is that gravitation always works in one direction for adherent cells. Because of the dynamic nature of the cytoskeleton, it can transmit mechanical stimuli of certain frequencies best. This means that the timescale of the stimulus is important: strong, quickly changing stimuli could simply be averaged out (74) . There is some experimental evidence that smaller forces applied over longer timescales can have similar effects as large forces on short timescales on forcesensitive proteins (71) . Stochastic resonance (75) is a third mechanism that has been related to the integration or amplification of the weak initial signal by gravity (8) . In systems that exhibit a nonlinear response, and especially those characterized by a threshold, the addition of noise can, surprisingly, enhance the response to an applied oscillatory signal. In the case of gravity sensing, it is possible that stochastic processes in the cytoplasm, of either a thermal or a thermal origin, can enhance the sensing of even a weak time-varying gravitational load. Active processes in the cytoskeleton, such as those due to molecular motors, have been shown to give rise to enhanced, stochastic fluctuations and motion in the cytoplasm (reviewed in ref. 76 ). This effect has been quantified in an in vitro system (77) . Thus, through the mechanism of stochastic resonance, such active nonthermal fluctuations could enhance the sensing of a small gravitational signal instead of masking it. However, a proof of principle that such a mechanism could work in gravity sensing is, for the moment, lacking.
OTHER MECHANISMS BY WHICH GRAVITY MAGNITUDE COULD INFLUENCE THE CYTOSKELETON
Gravity has also been proposed to influence the cytoskeleton by affecting the self-organization of cytoskeletal filaments. It has been reported that microtubules self-organize by way of a reaction-diffusion process in vitro (Fig. 2 and ref. 78) , an elegant illustration of theory on self-organization (79, 80) . In such reactiondiffusion processes that are far from equilibrium, a small external force can, at a point of instability, result in convergence to very different endpoints because of bifurcations in the system (80) . In principle, gravity is a force that could be large enough to tip the system in one or the other direction (81) . This has also been demonstrated for tubulin polymerization in a series of in vitro studies with changed gravity direction (Fig. 2  and refs. 82, 83 ) and in microgravity on a sounding (82) . C) The sample is flat but has also been subjected to a weak centrifugal force of 0.14 g along the sample long axis, thus resulting in a striped pattern (78) . D-F) Effect of weightlessness produced by different methods. D) Effect of weightlessness under free fall conditions produced by spaceflight (83) . E) Effect of weightlessness under conditions close to magnetic levitation. Length of the sample cuvette is limited to 2 cm so as to restrict the sample to a region of uniform magnetic field gradient. F) Effect of weightlessness under conditions produced by clinorotation (105) . Sample is contained in a 5-mm-diameter glass tube. This diameter limits the centrifugal field produced by clinorotation to a value below the threshold for self-organization. Samples were photographed through crossed polars (0 and 90°) with a wavelength retardation plate at 45°. The retardation plate produces a uniform mauve background. Microtubule orientations of ϳ45°, such that their birefringence adds to the birefringence of the wavelength plate, produce a blue wavelength shift, whereas orientations at ϳ135°subtract from the birefringence and result in a yellow interference color (82) . rocket ( Fig. 2 and ref. 83) . In these studies, it was clearly shown that microtubule self-organization is sensitive to the direction and the magnitude of gravity. This work has often been mentioned as being a plausible explanation for cellular cytoskeletal changes in microgravity, but the conditions in these in vitro experiments are far from those of tubulin within a cell. Many differences in disassembly kinetics are known between in vitro and in vivo microtubules (84) . Also, the mechanism of nucleation differs; spontaneous nucleation as observed in vitro is of minor importance in cells, where nucleation sites are present (85) . On top of these differences, at the start of these in vitro experiments there were only tubulin monomers in solution. In cells that are transferred to microgravity, an initial polymerization is already present, which could strongly influence selforganization. While the sample holders in the experiments were 1 cm in size and the resulting patterns were ϳ5 m, later it was shown that such experiments yielded similar results in liposomes of diameter 2-5 m (86). However, conditions are clearly different from the situation in a living cell, and thus these results cannot be easily extrapolated.
Finally, a model has been proposed by Zayzafoon et al. (22) in which the cytoskeleton is actually not the first sensor, but a secondary step affected by a gravitysensitive sensor. In this model, it is Rho-a inactivation that is followed by cytoskeletal changes and transduction at FAs (22) . This particular model is based on observed changes in activity of Rho-a after 7 d of exposure to simulated microgravity (52) . More recently, Wan et al. (87) showed changed Rho-a and ␤-catenin signaling after 1 and 2.5 h, respectively, of simulated microgravity on a slowly revolving clinostat. Furthermore, their experiments using actin-disrupting drugs suggest that ␤-catenin signaling is independent of actin cytoskeleton structure. Although it is important to take into consideration a model where alterations in the cytoskeleton are merely a consequence of primary changes of a cytoskeletal remodeler, at this point there is little experimental evidence to support such models.
HYPERGRAVITY STUDIES COMPLEMENT MICROGRAVITY STUDIES TO CHARACTERIZE SENSING MECHANISMS
There are some inherent problems with observing the initial response of cells to introduction of a real or simulated microgravity environment. For spaceflight experiments, observing over short timescales will be hindered by effects of launch, that is, a hypergravity phase and oscillations. Simulating microgravity by rotation is based on time averaging and thus especially differs from microgravity in space on short timescales. One often neglected tool to study cell alterations to changed gravity levels is the centrifuge. Remarkable advantages of this tool are that it allows for simulation of a well-defined hypergravity environment, fast switching between environments is possible, and it allows for monitoring of the sample in real time. Together, these advantages would allow for studying the initial response to changes in gravity levels. Although it can, on the ground, simulate only gravity levels Ͼ1 g, these advantages in combination with careful extrapolation could reveal some insights in the mechanism of sensing microgravity.
Various studies have focused on cytoskeletal changes in hypergravity. Again, the many different cell types used and different length and strength of the stimulus make it difficult to compare results. However, many studies report increased thickness of actin stress fibers (53, 63, 64, 88, 89) . Reports on the changes occurring in the microtubule network are less unified; among the observations are thicker filaments (53), loss of structure (88) , perinuclear clustering (89), or no clear effect (63, 90) . Discussing these articles in depth is beyond the scope of this review, since most articles do not focus on the initial change occurring, but rather focus on effects after prolonged periods of centrifugation. It is worth mentioning, though, that some articles compared both microgravity simulation and hypergravity simulation. Effects are sometimes opposite (53, 58) , but more often not (55, 63, 91) . Although this might make extrapolation to microgravity environments difficult, the mentioned advantages still make the centrifuge an interesting tool for studying initial response mechanism of cells to changed gravity. So far few studies made use of these advantages, one notable exception being an AFM study on MC-3T3 osteoblasts (92) . Another recent study examined vesicle traffic in pollen tubes in hypergravity (93) . These studies illustrates that delicate measurements can be performed in real time in a centrifuge.
GRAVITY PERCEPTION IN PLANTS: A BETTER-CHARACTERIZED SYSTEM
The initial response of cells to both changed magnitude and direction of gravity has been extensively studied in plants (for review, see ref. 94 ). Plants contain specialized cells, called statocytes, that contribute most to the sensing of the direction and magnitude of the gravity vector. These cells contain statoliths, particles that sediment under the force of gravity due to their higher density than the surrounding cytoplasm. Although sedimentation of statoliths has been known since 1900, research on the subsequent force transduction and conversion into a chemical signal remains active. These studies have been performed in a very different experimental setting, namely, in living plants, but some of the results in this extensively studied system are relevant for understanding the response of single cells to an environment with a lack of gravity. Interestingly, although the focus has been on studies of statocytes, recently it has also become clear that nonspecialized cells in plants are also sensitive to changes in gravity (93) .
That statoliths are involved in the response to changed gravity magnitude and direction is well estab-lished, since studies of magnetic manipulation of statoliths (95) . Interestingly, the force exerted by single statoliths or multiple statoliths in a single statocyte still seems negligible compared to other forces in cells. For a statolith with density 1.4 ϫ 10 3 kg/m 3 and radius 1 m, the gravitational force is roughly 0.05 pN, and the apparent weight in water even smaller. However, it has been shown that the mass of these particles does affect gravity sensing with mutant plants deficient in starch. In these mutants, the statoliths are still present but have a smaller density. The response to altered gravity in these plants is present, but strongly reduced (96) .
Suggested mechanisms for transduction of the mechanical signal induced by statoliths are through the (actin) cytoskeleton to mechanosensitive structures, such as membrane channels and FAs; membrane-statolith contact-induced response; direct transduction of force from statoliths to the membrane and mechanosensitive channels therein; or simply increasing the weight of the whole cell body pushing on the plasma membrane (for review, see refs. 94, 97) . Interestingly, a strong role for the actin cytoskeleton is now considered less likely because experiments showed that disruption of the network does not prevent the response and could even enhance it (98) . A recent review argues that the role of the cytoskeleton in gravitation sensing is fine-tuning during various steps in the response (99) .
Especially the second and third models are interesting to consider. They differ in the point whether it is merely the contact of statoliths with the membrane and coupling to an unknown receptor that induces the change (100) or whether it is the gravitational force of statoliths, which does work on the membrane (101). Merely establishing a contact could mean conversion to a chemical signal by bringing a receptor and its ligand together. Currently, a known pair of interacting molecules is lacking, although possible candidates are reviewed in Stanga et al. (102) . For the case of exerting force, it has been shown that statoliths can push on the membrane of the endoplasmatic reticulum (ER) inside Arabidopsis columella cells and can indent the ER membrane up to 200 nm (101) . Assuming a cluster of 3 statoliths, as observed in that study, with the same physical characteristics as mentioned above, the amount of work done would be ϳ7.5 kT. Although this is a rough estimate, and this is spread out over a larger piece of membrane, this estimate indicates that we cannot discard this model. Most important for this model is finding a possible mechanosensitive channel, as to our knowledge no specific one has yet been characterized.
An important difference with the nonspecialized mammalian cells that are the subject of this review is that in specialized plant cells, the initial mechanism of sensing gravity is known. Although the subsequent mechanism is yet unknown, the models above show how the sedimentation of statoliths, which exert a small force over a long period of time, could result in a conversion from a mechanical to a chemical signal.
CONCLUSIONS
Experimental evidence for a strong influence of changed gravity on single nonspecialized (mammalian) cells was already found in 1984 (103) , and the evidence has continued to accumulate ever since (reviewed in refs. 7, 9 -11). However, the mechanism of gravity sensing and transduction remains mysterious and even controversial. Many articles have focused on alterations in the cytoskeleton as the initial response to changed gravity levels. The inherent limitations of flight experiments, however, have left an incomplete picture, often because few time points can be assessed and only considerably after introduction of microgravity due to initial effects after launch. Many studies reviewed here focus on changes after hours or days in microgravity. The observed cytoskeletal changes in these studies could well be a secondary effect instead of a primary change, since altered gene expression is reported as early as 6 min into microgravity exposure (32) . More recently in parabolic flight studies it was shown that after a 22 s period of microgravity, but not after a similar period of hypergravity or vibrations, gene expression is already significantly changed (41, 104) . Simulated microgravity has helped in confirming some observations and making the picture more complete by tracking changes at more time points, thereby revealing that the adaptation to a simulated microgravity environment is a very dynamic process.
Finding the initial gravity sensor, if any, is of importance for understanding the response of organisms to microgravity. The reasons for changes of single cells in such an environment are essential to understand the influence of these changes on the level of an organism. Also, it could lead to new fundamental insights in how cells respond to force, because unloading is a unique stimulus resulting in an unexpected response.
Future experiments should focus on giving a consistent picture of the changes on short timescales after mechanical unloading. For example, experimental setups could be adapted to allow studies in real time in simulated microgravity and later in elaborate spaceflight studies. This should provide useful information by assessing changes in real time. Also, quantitative data analysis could give more insight in the currently observed changes and allow comparison of studies. Novel biomechanical techniques could be of use too (8) . For example, monitoring cell stiffness or traction forces could provide additional information on the mechanical changes occurring after mechanical unloading and could therefore help in evaluating different models. Finally, the centrifuge could complement current studies, since it allows for simulating a well-defined hypergravity environment, fast changes in gravity levels. Recent studies have shown that monitoring in real time with the centrifuge is possible. Although on ground it can only provide g levels above 1 g, the advantages in combination with careful extrapolation could give more insight, particularly into initial changes in microgravity.
